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Extensive changes in DNA methylation are associated with expression of mutant huntingtin Contributed by David E. Housman, December 6, 2012 (sent for review November 16, 2012) The earliest stages of Huntington disease are marked by changes in gene expression that are caused in an indirect and poorly understood manner by polyglutamine expansions in the huntingtin (HTT) protein.
To explore the hypothesis that DNA methylation may be altered in cells expressing mutated HTT, we use reduced representation bisulfite sequencing (RRBS) to map sites of DNA methylation in cells carrying either wild-type or mutant HTT. We find that a large fraction of the genes that change in expression in the presence of mutant huntingtin demonstrate significant changes in DNA methylation. Regions with low CpG content, which have previously been shown to undergo methylation changes in response to neuronal activity, are disproportionately affected. On the basis of the sequence of regions that change in methylation, we identify AP-1 and SOX2 as transcriptional regulators associated with DNA methylation changes, and we confirm these hypotheses using genome-wide chromatin immunoprecipitation sequencing (ChIP-Seq). Our findings suggest new mechanisms for the effects of polyglutamine-expanded HTT. These results also raise important questions about the potential effects of changes in DNA methylation on neurogenesis and cognitive decline in patients with Huntington disease.
epigenomics | transcription | mRNA-Seq H untington disease (HD) is a fatal, neurodegenerative disorder caused by an expanded CAG repeat in the huntingtin (HTT) gene, which encodes an abnormally long polyglutamine repeat in the HTT protein. In the early stages of the disease, patients are largely asymptomatic, although they may suffer from mild cognitive impairment and behavioral changes. With time, they develop severe motor dysfunction as well as more pronounced cognitive and psychiatric symptoms. Transcriptional dysregulation is a major component of the early stages of HD, before significant neuronal death. Changes in transcription have been detected in human postmortem tissue (1), mouse models (2-4), and cell culture models (5) . Genes reproducibly shown to be differentially expressed across HD models are associated with processes including neurotransmission, neurotrophin receptor signaling, signal transduction, calcium ion transport, synaptic organization, chromatin remodeling, G-protein receptor-coupled signaling, and metabolism (6) . The polyglutamine expanded form of HTT may have a direct role in causing these expression changes. A number of DNA-binding proteins have been shown to physically interact with either wild-type or mutant HTT. These include NRSF/REST, CBP, PGC1α, Sp1, BCL11b, p53, LXRα, polycombgroup proteins, SIN3A, and NCOR1 (6) . Any effect of HTT on the subcellular localization, activity, or concentration of these proteins would be likely to directly change gene expression.
Two lines of evidence suggest that alterations in HTT could also influence DNA methylation. First, histone marks are altered in HD (7) (8) (9) (10) (11) and SETD2, a SET domain regulator of H3K36me3, has been previously reported to interact with mutant HTT (12) . Due to biochemical interactions between DNA methyltransferases and SET domain histone methyltransferases (13) , changes in repressive histone marks could result in changes in DNA methylation. Second, recent findings show that DNA-bound transcription factors can alter DNA methylation patterns (14, 15) , suggesting that the effects of HTT on DNA-binding proteins could also directly influence DNA methylation. For example, NRSF/REST (16) is a neuronal repressor implicated in HD (7) that recruits repressive complexes containing HDACs and the DNA methylation reader MECP2 (17) , and changes to NRSF/REST binding could affect local DNA methylation levels. Because DNA methylation in the brain influences a wide range of cognitive functions (18) (19) (20) , these epigenetic modifications could have long-term consequences on HD patients.
For our analysis, we used cell lines derived from mouse striatal neurons expressing full-length HTT with either the wild-type or expanded polyglutamine repeat (5) . Derived from mouse embryos, these cells serve as a highly reproducible model for the earliest stages of the disease. Using reduced representation bisulfite sequencing (RRBS), we identified extensive changes in DNA methylation. Regions with low CpG content are overrepresented among those that change in methylation. These regions are largely intergenic and transition from fully methylated in wildtype cells to partially methylated in cells expressing mutant HTT. As partially methylated regions have been shown to be occupied by transcription factors that influence methylation (14) , we analyzed the sequences of these sites to identify several potential DNA-binding proteins. Using genome-wide chromatin immunoprecipitation sequencing (ChIP-Seq), we confirmed that the binding of SOX2 and the AP-1 proteins FRA-2 and JUND are associated with changes in DNA methylation resulting from expression of mutant HTT.
For many years, DNA methylation was believed to be an extremely stable epigenetic mark relevant mostly to developmental processes and, by extension, to tumor development. However, it is becoming increasingly clear that DNA methylation has a role in a much wider range of biological processes, including neuronal activity, learning, and memory (18) (19) (20) (21) (22) . Our analysis reveals that polyglutamine-expanded HTT causes changes in DNA methylation at both promoter proximal and distal regulatory regions. These results shed new light on the etiology of HD and suggest a possible explanation for mild cognitive impairment that occurs at the early stages of the disease, before significant loss of neurons.
Results
Expression of Mutant huntingtin Is Associated with Large-Scale Changes in DNA Methylation. On the basis of the importance of changes in DNA methylation to development (23) (24) (25) (26) and neuronal activity (22) , we sought to determine whether mutant HTT might perturb this epigenetic mark. To examine this hypothesis, we used RRBS to measure DNA methylation at base pair resolution in striatal cells carrying polyglutamine-expanded HTT (STHdhQ111/Q111) and wild-type cells (STHdhQ7/Q7) (see Dataset S1 for full list of datasets in this study). We measured the degree of methylation at 97,006 cytosines in both cell lines. The data were highly reproducible between biological replicate experiments (R > 0.97; Materials and Methods and Fig. S1A ). Overall, 61,940 bases decreased in methylation in STHdhQ111 relative to STHdhQ7, and 33,974 bases increased in methylation, using a multiple-hypothesis corrected P-value cutoff of 1E-5 and difference in methylation cutoff of 15%. We confirmed these findings by sequencing immunoprecipitated methylated DNA from both cell lines (MeDIP-Seq) and by qPCR of specific loci (Fig. S1 B-E). We then concatenated the cytosines that were close in spatial proximity to one another into 154,239 methylation regions (Materials and Methods). Of these, 21,191 regions decreased in methylation in STHdhQ111 relative to STHdhQ7, and 10,413 regions increased in methylation, using a multiple-hypothesis corrected P-value cutoff of 1E-5 (see Fig. S2B for additional thresholds) and difference in methylation cutoff of 15%.
As expected, methylated regions could be divided into those that occur in regions rich in the sequence cytosine followed by guanine (CpG) and those with low levels of CpGs. Differentially methylated regions (DMRs) between the cell lines were predominantly CpG-poor. Approximately 84% of sites increasing or decreasing in methylation between the cell lines were CpG-poor, compared with 70% of the regions that did not change in methylation (Fig. 1) . As expected, CpG-rich regions tend to occur proximal to transcription start sites. By contrast, CpG-poor regions were mostly associated with distal and intergenic regions ( Fig. 1 ). We therefore analyzed these two types of regions separately in all subsequent steps. Genes associated with methylation changes at either CpGpoor or CpG-rich regions were enriched for developmental processes, neuron differentiation, neurogenesis, transcription, signaling, and cell adhesion (Dataset S2).
A recent study (14) We therefore asked whether similar changes occur in response to mutant HTT. Overall, sites that do not change in methylation between mutant and wild-type cells are predominantly fully methylated or unmethylated, whereas those that change in methylation tend to be partially methylated ( Fig. S2 C-E). To explore the effects of mutant HTT in more detail, we plotted the fractional methylation of genomic regions in wild-type cells vs. cells with mutant HTT (Fig. 1 C and D) . Many methylation changes lie close to the diagonal, indicating a relatively small change in the fraction of methylation. However, 4,804 CpG-poor regions that are fully methylated in wild-type cells are only partially methylated (10-80% methylation) in the mutant cells. In addition, 10,396 CpG-poor regions go from fully methylated in cells with mutant HTT to only partially methylated in wild-type cells. CpG-rich regions tend to show smaller changes in fractional methylation.
Relationship of Changes in DNA Methylation and Transcription. To determine whether changes in DNA methylation were associated with changes in gene expression, we measured transcript levels using mRNA-Seq. Overall, the genes we find to be differentially regulated have a high degree of overlap (P < 1E-109) with a previous study (27) that used microarrays (Fig. S1F) . Genes that overlap in both studies and decrease in expression in the STHdhQ111 cells are associated with developmental processes, neuron migration, regulation of signaling, and regulation of neural precursor cell proliferation (Dataset S2). Genes that increase in expression in the STHdhQ111 cells in both our study and the previously published microarray data are associated with categories including extracellular matrix organization, signal transduction, and cell differentiation (Dataset S2).
To gain an overall perspective on the relationship between differential methylation and expression, we used hierarchical clustering to compare the relative expression of each gene with the changes in methylation at the promoter, the gene body, and intergenic regions (Fig. 2) . As expected, methylation changes at CpG-rich regions, which were largely located near the transcription start sites, are anticorrelated with gene expression and are enriched for similar categories of genes to the complete set of differentially expressed genes. The relationship between methylation changes in CpG-poor regions and gene expression is more complicated. Among the many patterns are a set of genes with increased methylation downstream of the gene and decreased expression in STHdhQ111 cells that was enriched for neuron axonogenesis and regulation of neuronal differentiation and a set of genes with the opposite pattern of methylation and expression that was enriched for inflammatory response.
Identification of Sequence Motifs Associated with Changes in DNA
Methylation. The changes in DNA methylation induced by mutant HTT are gene specific, not global, suggesting that sequencespecific DNA-binding proteins might regulate these changes. Previous work has shown that CpG-poor regions with low levels of methylation are enriched in regulatory sites (14) . We therefore focused our analysis on these regions. We used three separate methods for sequence analysis to identify the highest-confidence motifs (details in Materials and Methods). These three methods identified a small set of common sequence motifs (Table S1 and Dataset S3), associated with the CREB/ATF, AP-1, SOX, and ETS families. By examining the expression of members of these families in each cell line, we selected FRA-2, JUND, and SOX2 for further analysis ( Fig. S3A and Dataset S4).
ChIP-Seq Confirms Binding of FRA-2, JUND, and SOX2 to Sites with Changes in DNA Methylation. We used ChIP-Seq experiments (Dataset S1) to test whether FRA-2, JUND, and SOX2 were, in fact, bound to the sites where DNA methylation is altered between wild-type and mutant cells. We had previously noted in our mRNA-Seq data that SOX2 mRNA is expressed at much higher levels in STHdhQ7 cells, and Western blotting demonstrated that the SOX2 protein is almost undetectable in STHdhQ111 cells (Fig. S3B) . Using ChIP-Seq in STHdhQ7 cells, we found that SOX2 bound 6,476 genes, which were associated with a wide range of biological processes, including regulation of cell proliferation, metabolic processes, cell death, signaling, and transcriptional regulation (Dataset S2). The SOX motif was highly enriched within the bound sites (P < 1e-100; Dataset S3). Sites bound by FRA-2 and JUND, which form the AP-1 complex, were largely the same (83% in STHdhQ7 and 79% in STHdhQ111) and enriched for the AP-1 motif (P < 1e-200; Dataset S3). FRA-2-and JUND-bound genes were associated with a range of biological processes, including regulation of cell death, signal transduction, developmental process, transcription, phosphorylation, and cell migration in both cell lines. Although there was FRA-2 and JUND binding in both cell lines, we observed many sites significantly changing in their degree of binding between the cell lines (FRA-2, 10,596 sites more bound in STHdhQ7 and 14,079 more bound in STHdhQ111; JUND, 8,393 sites more bound in STHdhQ7 and 7,344 more bound in STHdhQ111). For both FRA-2 and JUND, genes more bound in STHdhQ7 were enriched for the following Gene Ontology (GO) terms: regulation of neurogenesis, neuron differentiation, and G-protein-coupled receptor signaling. Genes more bound in STHdhQ111 were enriched for the following GO terms: innate immune response-activating cell surface receptor signaling pathway, regulation of defense response, and G-protein-coupled receptor signaling.
Notably, a majority of the FRA-2-, JUND-, and SOX2-bound sites in STHdh cells were distal regulatory regions [greater than 50% were 20 kb or more from a transcriptional start site (TSS) and greater than 80% were 2 kb or more from a TSS for all individual datasets] and CpG-poor regions (greater than 70% of binding sites for all individual datasets). To test our hypothesis that the binding of each factor was associated with changes in methylation at these CpG-poor regions, we examined the extent of methylation changes at regions bound by each protein (Fig. 3) . SOX2 is detectable only in STHdhQ7 cells, and the regions bound in these cells had higher methylation than in STHdhQ111 cells (P < 1e-14). For example, regions surrounding the Pax6 and Nes genes are bound by SOX2 and unmethylated or partially methylated in wild-type cells. However, in STHdhQ111 cells, where SOX2 is not expressed, the same regions are partially methylated or fully methylated (Fig. 4) . Interestingly, we find that SOX2-bound sites are enriched for the AP-1 motif (P < 1e-37; Dataset S4) and overlap with FRA-2-and JUND-bound sites (Fig. S3C) . In addition, regions bound by SOX2 and bound more by FRA-2 and JUND in STHdhQ7 had higher methylation than in STHdhQ111 cells (P < 1e-16; Fig. 3 ), including the aforementioned Pax6 and Nes regulatory regions (Fig. 4) .
FRA-2 and JUND bind to DNA in both cell types and changes in their binding are strongly associated with changes in DNA methylation (P < 1e-20; Fig. 3 ). Regions that show increased binding by these two proteins in one cell type also show decreased methylation in those cells. For example, both proteins bind more strongly to sites near the microRNA-143/microRNA-145 (miR-143/ miR-145) cluster in STHdhQ111 cells and the nearest methylation site goes from being 85% methylated in wild-type cells to only 3% methylated in STHdhQ111 cells. Similarly, STHdhQ111-specific binding of these proteins near Fbln7 in STHdhQ111 causes a drop from 84% methylation to 55% methylation at an adjacent region (Fig. S4 ).
Discussion
Our study demonstrates significant changes in DNA methylation in cells expressing polyglutamine-expanded HTT. We show that ,000 sites bound more in STHdhQ111 (red), the top 5,000 sites bound more in STHdhQ7 (blue) for FRA-2 and JUND, and for the top 5,000 SOX2 binding sites in STHdhQ7 (green). Sites bound by SOX2 that were also significantly bound more by both FRA-2 and JUND in STHdhQ7 relative to STHdhQ111 are shown in cyan. Asterisks indicate that the methylation change is significantly greater or less than that observed at all regions (P < 1e-14 by MannWhitney-Wilcoxon test).
these changes are gene specific, with some sites increasing in methylation and others decreasing. Our results fit with a growing literature indicating that DNA methylation is not, as was previously thought, a stable epigenetic mark. Rather, DNA methylation changes dynamically in response to cellular processes, with potential long-term consequences for cellular behavior.
Regulation of Changes in DNA Methylation. What causes the widespread changes in DNA methylation? The DNA methyltransferase Dnmt1 is highly expressed in both cell types, as is the Gadd45 family of genes, which is responsible for DNA demethylation. Interestingly, we find that Dnmt1 expression decreases twofold and Gadd45g expression increases more than fivefold in the presence of mutant HTT (Dataset S4). In addition, the presence of sequence motifs near CpG-poor regions changing in DNA methylation suggests that the gain or loss of DNA-binding proteins may lead to changes in DNA methylation at specific loci. These binding changes could result from the presence of mutant HTT, the absence of wild-type HTT, or both. We also note that mutant HTT has been shown to bind directly to DNA (28) , raising the possibility that HTT could directly influence the recruitment of epigenetic modifiers to the genome. The most significant motifs belong to four families: CREB/ATF, AP-1, SOX, and ETS. Before this study, global methylation changes have not been linked to these proteins besides the recent association of ETS-binding sites and dynamic methylation in hematopoesis (15) . Using ChIP-Seq experiments, we are able to demonstrate that changes in binding of the AP-1 family members FRA-2 and JUND and the SOX2 protein are strongly associated with changes in DNA methylation.
In particular, loss of binding is associated with increased DNA methylation. Some members of these families have been previously associated with neurodegeneration. In particular, mice heterozygous for a Sox2 knockout exhibited epileptic and neurodegenerative phenotypes (29, 30) and SOX2 mutations in humans are associated with neurological phenotypes including seizures (31) . In addition, huntingtin knockin mice show altered levels of SOX2 protein and impaired striatal neurogenesis during brain maturation (32) . In PC12 cells, AP-1 transcription factors were shown to govern the choice between neuronal differentiation and apoptosis (33) . Long-term induction of AP-1 and in particular, FRA-2, occurs in the hippocampus and cortex in several mouse and rat models of brain injury (34, 35) and NMDA activation. In addition, neuronal expression of AP-1 proteins has been linked to excitotoxic neurodegenerative disorders (36) .
Along with colocalized changes in DNA methylation, we observe loss of SOX2 and diminished binding of FRA-2 and JUND to neurogenesis and neuronal differentiation genes such as Pax6 and Nes in this early-stage model of HD. Conversely, binding of FRA-2 and JUND increases adjacent to genes associated with stress response, implicating a pathogenic switch in AP-1 regulation in cells with mutant HTT. In addition, FRA-2 and JUND binding increases at a regulatory region with methylation changes near the miR-143/miR-145 cluster. MiR-145 has been previously shown to be elevated in STHdhQ111 relative to STHdhQ7 (37) and to repress pluripotency in a human embryonic stem cell model by targeting OCT4, SOX2, and KLF4 (38) . Many of the dysregulated genes we report including Sox2, Pax6, and Fra2 have also been recently reported to be altered between induced pluripotent stem cell (iPSC) lines generated from patients with HD and controls (39) .
Mutant huntingtin's Effects on Neurogenesis. Genes associated with neurogenesis and neuronal differentiation such as Sox2, Pax6, and Nes were expressed at lower levels and show increased DNA methylation in cells expressing poly(Q)-expanded HTT. This finding is in line with the recent literature that perturbed neurogenesis is involved in the pathogenesis of HD (40) . Increased neurogenesis in the SVZ has been observed in postmortem HD brain and mouse models (41) (42) (43) (44) . These findings may suggest a delayed and insufficient endogenous reaction of brain tissue to counteract the severe neuropathology. Apart from these studies, there is a strong body of evidence demonstrating impaired hippocampal neurogenesis in a variety of well-established animal models of HD (45) (46) (47) (48) (49) . Crucially, several agents that potentiated hippocampal or SVZ neurogenesis proved highly beneficial in HD mouse models (48, (50) (51) (52) (53) , suggesting neurogenesis enhancement as a promising therapeutic candidate against HD progression.
DNA Methylation and Neuronal Activity. Recent studies have shown that DNA methylation has roles in both disease and normal neuronal function. Once considered to be a stable epigenetic mark that was primarily altered in development and cancer, DNA methylation has now been linked to a wide variety of diseases, including insulin resistance, cardiovascular disease, and neurological disorders (54) (55) (56) . In fact, even normal neuronal activity causes rapid changes to DNA methylation. For instance, the Bdnf gene undergoes differential DNA methylation in response to a wide variety of behavioral stimuli, including early life stress and contextual fear conditioning (57, 58) . Although the full mechanistic details of behavior-induced methylation changes remain to be discovered, activity-induced changes in DNA methylation at individual loci have been shown to depend on DNA methyltransferases (59) and Gadd45b (60).
Our observation that expression of mutant HTT and/or loss of wild-type HTT are associated with DNA methylation changes in a striatal cell line raises the possibility that HTT might also be associated with physiological changes in DNA methylation in neurons. By impairing the normal regulation of DNA methylation, HTT could cause neuronal dysfunction long before any signs of neuronal death. In fact, recent studies show that mild cognitive impairment can be detected in 40% of premanifest patients with Huntington disease (61) . It will therefore be important to determine whether changes in DNA methylation cause changes in gene expression changes or the reverse. Such studies could reveal whether pharmacological treatments targeting the potential effects of HTT on DNA methylation might have the potential to slow or halt the progression of the earliest stages of HD.
Materials and Methods
Cell Culture. STHdhQ7 and STHdhQ111 cell lines were cultured as described previously (5) . To stop cell division and mitigate cell-cycle differences, the culture is maintained at 33°C and raised to 39°C for 2 d before each experiment.
RRBS. RRBS libraries were constructed according to a previously published protocol (62) . Bismark (63) was used for read alignment and methylation calls within the short reads. CpGs with sufficient coverage in both cell lines (≥50 reads in each cell line) across the genome were assembled into methylation regions with a greedy approach that combined all adjacent CpGs with nearest neighbors less than 100 bp apart. Methylated and nonmethylated counts across all CpGs within each region were summed for each cell line. For each methylation region, statistical significance of differential methylation was calculated using a Fisher's exact test on a 2 × 2 contingency table of methylated and nonmethylated counts in the two cell lines. Multiple-hypothesis correction was applied using the Benjamini-Hochberg procedure. DMRs for downstream analysis were identified using a final cutoff of P < 1e-5. Additionally, we required DMRs to have at least 15% differential methylation. Differential methylation was quantified as the difference in overall methylation fraction between cell lines for each methylation region. Detailed methods are provided in SI Materials and Methods.
mRNA-Seq. mRNA-Seq was adapted from the Illumina mRNA Sequencing Sample Preparation Guide (RS-930-1001). Reads were aligned to the mouse (RefSeq, mm9) transcriptome, using TopHat (64) and Bowtie (65) . Differentially expressed genes were identified with Cufflinks (66), using a 5% FDR cutoff and a minimum log 2 difference of 0.5 between wild-type and mutant conditions. Detailed methods are provided in SI Materials and Methods.
ChIP-Seq Assay. Cells were cross-linked with a 1% formaldehyde solution for 10 min and the cross-linking was quenched by adding glycine to a final concentration of 0.125 M. The cross-linked material was then rinsed with 1× PBS, pelleted, and frozen in liquid nitrogen for later use. ChIP-Seq assays were performed as previously described (67) . Details of the ChIP-Seq experiments and its computational analysis are provided in SI Materials and Methods.
Motif Scanning. We used three separate methods to identify motifs associated with changes in DNA methylation in CpG-poor regions: (i) overrepresentation of motifs using the Mann-Whitney-Wilcoxon ranked sum test, (ii) overrepresentation of motifs using THEME (68) , and (iii) prediction of differential methylation using motif scores in a regression-based approach. In each of these methods we began with a set of motifs derived from all vertebrate positionspecific scoring matrices (PSSMs) from TRANSFAC, filtered for sufficient information content [information content (IC) > 8 total bits]. As many of these motifs are redundant, we clustered them on the basis of pairwise distance by KL-divergence of the PSSMs, using Affinity Propagation. The TAMO programming environment (69) was used to store the PSSMs and score sequences. Details of these approaches are provided in SI Materials and Methods.
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